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3D: three-dimensional 

Ao4: All-on-Four 

AP: alveolar process 

ANOVA: one-way analysis of variance 

BOP: bleeding on probing 

CAD: Computer Aided Design 

CBCT: cone-beam computer tomography 

Co: cobalt 

Cr: chromium 

CS: conical standard 

CT: computer tomography 

DA: disto-approximal 

DM: diabetes mellitus 

E: Young's modulus/elastic modulus 

FEA: finite element analysis  

GBD: Global Burden of Disease 

ISQ: Implant Stability Quotient 

LC: load case (loading scheme) 

MA: mesio-approximal 

MBL: marginal bone loss 

N: Newton 

OPT: orthopantomography 

Pa: Pascal 

ρ: density 



6 
 

peqv: equivalent stress (von Mises stress) 
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III. INTRODUCTION 

 

A. Global burden of oral disorders and edentulism 

 

Oral health – according to the definition of the World Health Organization (WHO) – is 

a state where the individual has a healthy dentition without suffering from chronic orofacial 

pain, and they are also free of birth defects (i.e. cleft lip and palate), oral tissue lesions or oral 

and pharyngeal tumors; additionally, they should not be affected by any other disorders that 

may influence the integrity of the oral, dental and craniofacial tissues, or the functionality of 

the craniofacial complex [1,2]. Oral health is largely dependent on the social, political and 

economic determinants of health, in addition to the availability of specialized human 

resources; thus, oral disorders often disproportionally affect the most disadvantaged and 

vulnerable patients with low socio-economic status [3]. As oral disorders considerably affect 

everyday functionality and well-being – having physiological (e.g., nutrition, speech), 

psychological (e.g., confidence, comfort, self-worth) and esthetic aspects – they are important 

contributors to years lived with disability (YLDs) and decreased quality of life (QoL) [4]. The 

74th World Health Assembly (WHA; 2021) aimed to draft the “Global strategy on oral 

health” [5]; according to some estimates, there are over 3.5 billion individuals affected by 

disorders of the oral cavity, with projections that the prevalence of these illnesses will most 

likely increase, due to global population ageing and growth [6]. Oral disorders of public 

health importance include untreated dental caries of the permanent teeth, severe periodontal 

disease, lip and oral cavity cancers, traumatic injuries of the orofacial region, severe tooth loss 

(partial toothlessness, i.e. having ≤9 permanent teeth) and edentulism (complete tooth loss) 

[7]. In addition to inadequate oral hygiene, many modifiable risk factors and lifestyle habits 

(such as a diet rich in carbohydrates, simple sugars and low in fiber, tobacco consumption, 

and alcohol use) contribute to the development of oral diseases [8]. As the effectiveness of 

previous global strategies on oral health were modest at best, the WHA has recommended that 

current strategies on improving oral health be implemented within existing WHO strategic 

programmes, such as attaining universal health coverage, global prevention of non-

communicable diseases, smoking cessation and health promiting schools [6]. Furthermore, the 

United Nation’s Sustainable Development Goals (UN SDGs) and oral health goals have 

considerable overlaps, both in regards to direct (SDG 3: „Good Health and Well-being”) and 

indirect (SDG 1: “No poverty”; SDG 2: “Zero hunger”; SDG 10: “Reduced inequalities”) 
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effects in attaining SDGs, respectively [9]. Edentulism is a definite condition, which most 

commonly occurs as a consequence of untreated caries of the permanent teeth and its 

complications, severe periodontal disease or traumatic injuries, leading to the extraction of 

affected teeth [10]. Based on the Global Burden of Disease (GBD) database, the estimated 

incidence and prevalence of edentulism in 2019 were 25 million (19.8 – 30.7) and 352 million 

(280 – 449) cases, respectively. According to WHO reports, the prevalence of edentulism is 

~7% globally, which has increased by 80% in the last 30 years; however, this rate is over 10% 

in patients >50 years of age [11]. Moreover, edentulism is a considerable contributor to 

disease burden, causing 9.62 million (6.15 – 14.2) YLDs in 2019, disproportionately affecting 

low and middle income countries (Figure 1.) [11]. In addition to the subsequent oral 

dysfunction, endentulism is a significant determinant of general health, leading to the 

increased risk of developing other comorbidities (e.g., cardiovascular diseases [12], 

gastrointestinal disorders [13], obesity [14], type II diabetes [15], dementia [16], chronic 

kidney disease [17], various cancers [18], rheumatoid arthritis [19], chronic obstructive 

pulmonary disease [20], aspiration pneumonia [21], obstructive sleep apnea [22]), and the 

associated risk of mortality is also higher in these conditions [23].  

 

 

Figure 1. Age-standardised number of disability-adjusted life years (DALY) per 100 000 

individuals, by location, both sexes combined, based on the GBD database (2019) [11] 
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B. Factors affecting implant placement and survival 

 

The use of dental implants is often considered a form of tertiary prevention, where the 

aim is to provide effective treatment and rehabilitation to a condition, which has already led to 

bodily harm [24]. Endosseous, osseointegrated implant-supported, fixed full-arch restorations 

are widely recognized as a safe and effective treatment alternative for the oral rehabilitation of 

edentulous patients [25]. Typically, dental implants – made from an alloplastic material (most 

commonly titanium [Ti]) – have a screw-like component that helps with insertion into the 

bone, and serves as a framework for transferring functional and parafunctional forces 

generated during mastication into the peri-implant tissues [26]. The characteristics of load 

transmission and stress distribution in the bone and around the implants are important 

determinants of implant health and survival [27]. The morphology, surface, length, diameter 

and quantity of the implants, the material properties of the implants and of the prosthesis, the 

loading type, the quantity and quality of the available alveolar bone all impact load 

transmission at the bone-implant interface [28]; nevertheless, the material properties, length, 

diameter, form and number of implants are the few biomechanical factors that are easily 

modifiable [29]. Previously, conventional (delayed, two-stage) loading protocols were carried 

out, where patients received their restorations after a healing period of 2–3 months; however, 

recently, immediate loading (one-stage) protocols have been extensively investigated for their 

clinical applicability and comparability, where patients receive a preliminary acrylic 

prosthesis within 48 hours or implant placement, followed by the final prostheses in the 

coming few months [30,31]. 

Teeth are anchored into the jaws through the bundle bone, into which, the periodontal 

ligaments invest. The alveolar process (AP) is a teeth-dependent tissue, which goes through 

involutionary changes and atrophy following tooth loss or tooth extraction, and the lack of 

physiological forces of mastication affecting the jawbones [32]. After tooth loss (or 

extraction), minor dimensional changes are observed in the apical and middle portions of the 

socket site, on the other hand, the volume of hard tissue lost in the coronal portion of the rigde 

is usualy substantial [33]. These morphological changes in the post-extraction sockets may be 

described using radiographic methods, study cast measurements or cephalometric 

measurements [34]. The gross morphological changes (i.e. atrophy of the AP) may be further 

exacerbated by a history of periodontal disease, periapical pathologies, endodontic lesions, 

and bone or dental trauma [35]. The rate of atrophy of the AP greatly varies on a person-to-
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person basis, influenced by the patient’s genetic characteristics, sex, age, immunological 

status, lifestyle choices (e.g., smoking), hormone levels, the condition of the socket 

before/after tooth extraction, the number and proximity of extracted teeth, and the time 

elapsed since the extraction of the teeth [36]. Furthermore, the tissue biotype, and cellular and 

molecular factors affecting post-extraction wound healing may also have pronounced effects 

[37].  

In addition to the contour changes caused by bone remodeling, clinicians should also 

be aware of the quality of the available edentulous jaw bone before any interventions, as the 

status (i.e. volume, favorable architecture) of the AP may hinder the patients from receiving 

an ideal prosthetic reconstruction (with fixed or removable dentures) following implant-

placement from a functional and esthetic point of view [38]. The two most common 

classification systems to characterize the quality of edentulous jaw bone before implant 

placement are the Lekholm and Zarb (1985), and the Misch and Judy (1987) categories 

[39,40]. The former classification describes the ratio of cortical and medullar bone in the AP 

(with Type I having the largest quantity of cortical bone, while Type IV is characterized by a 

majority soft, low-density medullar bone layer, covered by a thin cortical layer only) (Figure 

2.); overall, high levels of implant mechanical stability and favorable outcomes has been 

associated with Type II-III bone [X]. On the other hand, the latter method describes alveolar 

bone density, where D1 bone has the densest structure, and D4 bone being the least dense 

(Figure 2.) [39,40]. Both categories may be used to predict the success of future implant 

performance [41]. Following tooth extraction, the greatest amount of bone loss (or 

remodeling) in the horizontal dimension is usually observed on the facial aspect of the ridge, 

while the greatest bone loss in the vertical dimension is observed on the buccal aspect [30-33, 

42]. Residual ridge resorption (or remodeling) leads to not only decreased bone width and 

height of the AP – i.e. to an increasingly narrow dental arch – but also to qualitative changes 

in the remaining bone [30-33, 43]; these post-extraction involutionary changes are more 

severe in the case of the mandible, expressed in bone volume reduction, alterations in the 

bone architecture and a shift from D1 bone to D2 bone. On the other hand, in the maxilla, the 

thinning of cancellous bone may be observed, the orientation of the trabeculae changes, which 

may considerably affect the macro-micromorphology and the interactions between the bone 

and the implant threads [44].  
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Figure 2. Classification systems to characterize the quality of edentulous jaw bone, based on 

the Misch-Judy (D1-D4; top row) and Lekholm and Zarb (Type I-IV; bottom row) methods 

(adapted from [39,40]) 

 
An additional aim of providing patients with prosthetic restorations is to establish a 

load transfer to the surrounding bones in a manner, which closely resembles physiological 

conditions, slowing down the degeneration of the AP, and restoring long-term functionality 

[45]. Immediately after the introduction of dental implants, implant survival is dependent 

upon the interaction of the implant’s alloplastic material (e.g., Ti) with the nearest biological 

surface (i.e. the bone) [46]. The stability of dental implants may be characterized as primary 

(or mechanical) stability, which affects the immediate outcome of the implant surgery 

(influenced by bone quality, preparation of the implant bed, and implant geometry); on the 

other hand, secondary (or biological) stability leads to the formation of the implant-bone 

interface, influenced by underlying patient attributes and implant microtopography [47,48]. 

The intermediate period between primary and secondary stability is characterized by a 

“stability dip” [49] (Figure 3.). Another aspect of primary implant stability is to avoid 

micromotions at the bone-implant interface at the initial phase of osseointegration; reaching 

high primary stability is essential for immediate loading protocols to be successful and 

durable [50]. According to the recent literature, if micromotions are above 50-150 μm, there is 

the risk of developing a fibrous, non-mineralzed, fluid-formed capsule around the implants in 
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lieu of osseointegrated surfaces [51,52] (Figure 3.). Similarly to implant stability, implant 

failure may also be classified into two groups: early (primary) implant failure is mostly due to 

failure of osseointegration, while late (secondary) implant failure may occur due to 

mechanical (screw loosening, implant fracture, prosthetic fracture) or biological (peri-

implantitis) reasons [53,54]. Furthermore, both primary and secondary implant failure may be 

mediated by individual patient factors, such as non-modifiable characteristics like age, sex, 

chronic underlying conditions and medicines taken for them, inadequate oral hygiene, 

periodontal disease, bruxism and lifestyle habits [55].  

 

 

Figure 3. Timeline and relevance of early (primary) and late (secondary) stability 

associated with implant placement [50,51] 
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C. The All-on-FourTM (Ao4) treatment concept 

As stated previously, implant placement may be followed by a delayed (two-stage) or 

an immediate (one-stage) loading protocol for the oral rehabilitation of edentulous patients; 

recent studies have shown that overall implant survival rate of immediate loading protocols is 

comparable to that of the delayed loading schemes [56,57]. Furthermore, as patients prefer 

reduced treatment durations and esthetic results, restorations based on immediate loading 

protocols results in greater patient safisfaction rates. However, due to the anatomical 

constraints of the edentulous jaw (especially in the case of the mandible), or if the quality and 

the amount of residual alveolar bone is limited, implant-supported prosthetic treatment is 

impossible without complex surgical interventions preceding implant placement [58,59]. 

Alveolar crest augmentation, bone grafting, nerve transposition and soft tissue management in 

the posterior mandible all carry the risk of complications (e.g., loss of soft tissue volume and 

contours, graft failure, infections), increased morbidity, and poor patient performance, in 

addition, the reconstructive surgery corresponds to higher costs and longer recovery time 

intervals [60,61]. Thus, most patients prefer a less invasive and a more economical approach 

to their dental rehabilitation with a shorter recovery [62]. One of the proposed alternative 

solutions to these surgical procedures include the use of short and extra-short implants, a long 

distal cantilever, or increasing the implant diameter, in which cases, a careful selection of the 

surgical protocol may correspond to favorable clinical outcomes [63,64]. Furthermore, the use 

of tilted implants in the jaw is another recognized alternative to avoid bone grafting 

procedures, as no significant clinical difference in success rates compared to axially placed 

implants, and their acceptability by patients is also higher [65]. Clinical advantages of angled 

implants are associated with the extension of the distal cantilever, in addition to resulting in 

better implant survival rates [66]. The bending effect on the single tilting implants may 

increase the marginal bone stress, but this may be augmented with splinting them into a 

multiple implant-supported prosthesis [67].  

The “All-on-Four” (Ao4) treatment concept—devised by Maló et al. (Nobel Biocare, 

Göteborg, Sweden) in 2003 – has also been described as a viable method that allows 

clinicians to overcome the anatomical limitations of the mandibular bone without 

necessitating advanced and risky surgical techniques [68,69]. This strategy for oral 

rehabilitation involves the placement of four implants in the interforaminal area of the 

mandible and the premaxillary region – two axial implants, which are positioned in the 

anterior alveolar region, while the other two implants are tilted (15–45°) in the posterior 

region—to support immediately loaded, one-piece full-arch fixed restorations [70]. With 
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implant angulation in the posterior region, violation of the mandibular nerve is bypassed, the 

use of longer implants (i.e., resulting in a longer bone-to-implant contact area) is permitted, 

and the length of the denture cantilevers may also be reduced [71]. Marginal bone loss (MBL) 

between tilted and axially placed implants demonstrated no difference and presented with no 

detrimental effects on osseointegration levels [72]. Ao4 procedures often include the use of 

computer-assisted procedures and implant guides, enhancing the safety and reliability of the 

procedures [73]. Advantageous results on implant survival rate and the short-term success of 

the Ao4 concept for the rehabilitation of both maxillary and mandibular arches has been 

reported by numerous short and medium-term studies [74]. Retrospective studies have 

reported that MBL levels after 3-5 years were ~0.5-1.5 mm, both in the maxilla and the 

mandible [75,76]. A ten-year longitudinal study by Maló et al. has demonstrated a 98.2% 

survival rate of mandibular implants [77], while a literature summary by Durkan et al. 

reported success rates ranging between 92.2-100%; however, long-term studies with high 

evidence rigor are currenty lacking [78].  

 

D. Finite element analysis (FEA) 

 Considerable gaps still exist in the knowledge regarding the biomechanical stresses 

observed in the peri-implant bone, implants, and prostheses during the treatment of 

edentulous jaws. During mastication and parafunctional activities of the oral cavity, dental 

implants and the surrounding AP are affected by mechanical forces (stresses, loads) [79]. The 

long-term success and predictability of implant-supported restorations largely depends on the 

distribution of these forces and the rate of load transfer at the bone-implant interface, as they 

may affect both primary (critical in immediate loading) and secondary stability (affecting 

bone remodeling processes) [80,81]. Load transmission at the bone–implant interface is 

influenced by a variety of factors, including the length, diameter, form, and surface of the 

implants; material properties of the implant and/or prosthesis; geometry, quality, and quantity 

of the residual alveolar bone; nonetheless, the properties of the implants are among the few 

modifiable biomechanical factors [82-84]. Due to the fact that the Ao4 concept operates with 

fewer implants overall, the characteristics of individual implants have a more pronounced 

importance [85]. With the use of a lower number of (tilted) implants, one of the disadvantages 

of the Ao4 concept is that higher stress and strain around the implant and in the bone may 

exceed the load bearing capacity of the bone (i.e., overload), resulting in microdamage 

accumulation and marginal bone resorption [86]. This may threaten primary stability and 



15 
 

osseointegration, leading to excessive micromotion and—in severe cases—implant loss or 

failure [87].  

External forces in dental materials and bodies lead to the awakening of internal forces 

(or stresses) [88]; these stresses may be complex in nature, but may be decomposed into more 

basic stress types, such as tensile, compressive, and shear stresses [89,90]. Strain – which 

describes the dimensional changes occurring in a physical bodies or materials – is also an 

important property, as stress and strain tolerance are often used as characteristic indicators for 

dental biomaterials [91]. Clinicians should be aware of the various stresses arising in the 

jawbone from masticatory forces and implants during treatment planning, to ensure a best 

possible distribution of stresses following prosthetic treatment [92]. In recent studies, the most 

commonly used indicators to assess the biomechanical properties of the peri-implant bone are 

the maximum principal stress (Pmax, first principal stress; representing the strongest tensile 

stress values), minimum principal stress (Pmin, third principal stress; representing the 

strongest compressive stress values) and equivalent stress (Peqv, von Mises stress; representing 

the effectiveness of the implant-to-bone load transfer) values [93]. Determination of the 

biomechanical properties and stress/strain levels in the peri-implant bone or in the implant 

body were largely achieved by laboratory measurements with mechanical testing machines. In 

these studies, measurements are perfomed on cadavers and bone ribbons used as model 

systems; however, many of these methods are cumbersome to use, and often lack in 

reproducibility [94]. 

At the same time, the use of finite element analyses (FEA) to generate three-

dimensional (3D) qualitative and quantitative biomechanical data in the field of medicine and 

dentistry have received substantial attention, and has become a widely accepted, non-invasive 

research method to estimate specific biomechanical parameters and behaviors in complex 

biological systems, such as the edentulous mandible, the peri-implant bone or on the 

restorations [95,96]. During FEA, complex structures and shapes showing irregular geometry 

(e.g., maxilla and mandible, implants) are discretized into many small elements (a “finite” 

number of elements, e.g., a tetrahedron), which are connected at the corners through so-called 

“nodes”; the number of elements and the type of meshing used for a FEA model is a key 

indicator of model accuracy [97]. The mechanical behavior or every element may be 

described as a function of node displacement (e.g., due to bite force). One of the main 

advantages of FEA – keeping in mind the limitations of the method, and the 

assumptions/restraints made to simulate complex structures – includes its capability to be 

used for high-throughput analysis [98]; furthermore, FEA is a flexible method, allowing for 
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running simulations under various conditions, as the geometry of the modelled object, the 

element number and type, material properties, physical conditions, loading mode and 

computational accuracy of FEA may be freely selected and changed [99]. Each setting will 

influence results and their interpretation, therefore the behavior of our model may be 

determined for numberous materials and under various loading conditions.   
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IV. AIMS OF THE STUDY 

 

 The Ao4 prosthetic concept has received substantial attention from dentists for the oral 

rehabilitation of edentulous patients, due to the advantageous, short-term clinical outcomes 

associated with this treatment protocol; furthermore, implant placement with Ao4 is followed 

by immediate loading, which is in line with the preferences of the patients. On the other hand, 

there are substantial gaps in the literature, associated with numerous practical aspects of the 

Ao4 concept; for example, there are limited number of mid- to long-term retrospective or 

prospective studies, determining the success rate, survival and peri-implant bone-level 

changes implant placement according to the Ao4 concept. Furthermore, there is currently no 

established consensus of the type of loading to be favored, partly due to the limited 

knowledge of the biomechanical stresses observed in the peri-implant bone, implants, and 

prostheses following treatment of the jawbone. Therefore, our present study set out the 

following aims: i) to assess the clinical success rate and the marginal bone loss (MBL) levels 

following the implantation of distally tilted implants according to the Ao4 prosthetic concept, 

in a retrospective, single-center experience, measured by radiological findings; ii) to 

investigate the biomechanical behavior of an edentulous mandible with an implant-supported 

full bridge on four implants (aiming to model the Ao4 prosthetic concept) under simulated 

masticatory forces, in the context of different loading schemes and material properties, in a 

patient-specific finite element model, using 3D-FEA.  

The specific goals of the study were the following: 

1. Determination of implant survival rates (%) of distally tilted Ao4 implants at baseline 

(T0; at the 3-month appointment), and after 18 months (T1; 1.5 years post-restoration), 30 

months (T2; 2.5 years post-restoration), and 42 months (T3; 3.5 years post-restoration) of 

follow-up, in a retrospective fashion 

 

2. Determination of MBL levels around maxillary and mandibular Ao4 implants at 

baseline (T0; at the 3-month appointment), and after 18 months (T1; 1.5 years post-

restoration), 30 months (T2; 2.5 years post-restoration), and 42 months (T3; 3.5 years 

post-restoration) of follow-up, in a retrospective fashion 
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3. Determination of MBL levels around tilted (posterior) and axial (anterior) Ao4 

implants at baseline (T0; at the 3-month appointment), and after 18 months (T1; 1.5 

years post-restoration), 30 months (T2; 2.5 years post-restoration), and 42 months (T3; 

3.5 years post-restoration) of follow-up, in a retrospective fashion 

 

4. Determination of MBL levels around the mesio-approximal (MA) and disto-

approximal (DA) aspects of Ao4 implants at baseline (T0; at the 3-month appointment), 

and after 18 months (T1; 1.5 years post-restoration), 30 months (T2; 2.5 years post-

restoration), and 42 months (T3; 3.5 years post-restoration) of follow-up, in a 

retrospective fashion 

 

5. Determination of maximum principal stress [Pmax], minimum principal stress [Pmin] 

and equivalent stress [Peqv] values in the cortical and trabecular bone, corresponding 

to four sets of masticatory load cases (LC1-LC4), in a patient-specific finite element 

model of an edentulous mandible 

 

6. Determination of maximum principal stress [Pmax], minimum principal stress [Pmin] 

and equivalent stress [Peqv] values in the cortical and trabecular bone, corresponding 

to different implant-denture material configurations (S1 and S2), in a patient-specific 

finite element model of an edentulous mandible 
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V. MATERIALS AND METHODS 

 

1. Clinical study 

1. A. Study design 

A single-center, institution-based retrospective study was carried out at the Faculty of 

Dentistry, University of Szeged, between 2017.01.01. and 2022.01.01., corresponding to 

patients – deemed eligible based on the inclusion and exclusion criteria – undergoing an 

implant surgical procedure with an immediately-loaded, four-implant-supported fixed 

prosthetic concept, following the Ao4 protocol. The study employed a convenience sampling 

approach at the study center [100], and has aimed to evaluate radiographic data (peri-implant 

bone-level changes) longitudinally from included patients.  

 

1. B. Patient recruitment, inclusion and exclusion criteria 

Before the initiation of the study, the following inclusion criteria were set for 

eligibility: (i) patients aged 18 years or older, (ii) patients in an overall good health condition, 

able to undergo surgical intervention; (iii) patients in need for a complete rehabilitation of the 

edentulous maxilla or mandible, and the possibility of placing a minimum of 4 implants (at 

least 10 mm long); (iv) sufficient bone height in the sites intended for the placement of 

implants (min. 6 mm, evaluated by preoperative CT scans analysis). Furthermore, the 

following exclusion criteria were set: (i) presence of an acute infection at the planned implant 

sites; (ii) known coagulopathies or other hematologic diseases; (iii) recent occurrence of a 

severe cardiovascular or cerebrovascular event; (iv) diseases affecting the immune system; (v) 

uncontrolled diabetes mellitus (DM); (vi) pregnancy or lactation; (vii) metabolic illnesses 

affecting the bones, bisphosphonate therapy; (viii) heavy smoking (>10 packs/day); (ix) 

systemic chemotherapy or irradiation of the head and neck region within the last 12 months; 

(x) presence of parafunctional habits, such as severe bruxism or clenching (assessed and 

identified by clinicians, based on clinical signs and symptoms); (xi) inadequate oral hygiene 

level (full-mouth plaque and bleeding scores over 20%), or poor perceived motivation on the 

part of the patient to maintain good oral hygiene throughout the study.   
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1. C. Preoperative treatment 

Prior to surgical treatment, the relevant medical and dental history, lifestyle habits 

(e.g., smoking), and potential drug allergies of the patients were reviewed; the preoperative 

assessment of the patients was carried out by a prosthodontist and a periodontist. Following 

the presentation of the treatment plan to the patients and obtaining consent, surgical treatment 

was scheduled. Cone-beam computed tomography (CBCT) scans (i-CAT cone beam CT-

scanner, Imaging Sciences International; Hatfield, PA, United States) were carried out for 

preoperative assessment. Individuals followed an antibiotic regimen per os (amoxicillin 500 

mg t.i.d. or clindamycin 300 mg q.i.d.) three days prior to the surgical procedures, in cases 

where teeth had to be extracted simultaneously. Preceding surgery, local anesthesia was 

administered (4% articaine containing 1:100,000 epinephrine). 

 

1. D. Implant placement protocol 

All relevant operative interventions were performed by the same surgeon with more 

than twenty years of experience associated with immediate loading procedures. Quantitative 

and qualitative assessment of the jaw bone was performed by means of preoperative 

radiographs, visual inspection, and tactile evaluation during drilling; appraisal of bone quality 

was carried out using the CBCT scans [101]. Each individual received (i) 2 distally tilted 

implants in the posterior region and, after that, (ii) 2 anterior implants in the maxilla or the 

mandible. In the maxilla, tilted implants were positioned just anterior to the maxillary sinus, 

while in the mandible they were positioned anterior to the mental foramen. The placement of 

implants was according to the Ao4 treatment concept, using the Ao4 surgical guide (Nobel 

Biocare; Kloten, Switzerland); comprehensive details regarding the procedure have been 

described elsewhere [102]. Regarding bone regeneration, universal clinical protocols for 

immediate implant placement were used [103]. Localized bone grafting was performed to 

cover exposed threads and/or other osseous defects associated with extraction sockets, as 

needed with demineralized allografts. For the fabrication of the master cast to create the 

patients’ provisional restoration, open-tray multi-unit impression copings were placed on the 

multi-unit abutments to make an impression using precision impression material (Flexitime, 

Heraeus Kulzer, Hanau, Germany). 
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Following the operative procedure, patients were instructed to abstain from brushing 

in the first 7 days post-op, and to rinse using warm water. For 24 h post-op, instructions and 

recommendations were given for a soft diet (cold or at room temperature), to be followed by a 

semi-solid diet for the following three months. Patients were supplied with antibiotics 

(amoxicillin 500 mg t.i.d. or clindamycin 300 mg t.i.d. for seven days) and analgesics (non-

steroid anti-inflammatory drugs) to control post-operative pain and inflammation as per 

standard guidelines and protocols in oral surgery. To confirm implant positions, and the 

positions of the prosthetic components, a CBCT scan was taken immediately postoperatively 

[101]. 

 

1. E. Restorative protocol 

Prior to the surgical intervention, a heat-cured acrylic resin (Ivocap High Impact 

acrylic, Ivoclar Vivadent; Amherst, NY, USA) was prefabricated, which was amended to the 

master model directly after the surgery. Fabrication was carried out using cold curing material 

(Probase, Ivoclar Vivadent; Amherst, NY, USA). Following 3–4 h after the completion of the 

operation, the provisional all-acrylic prosthesis was seated. Routine follow-ups were 

scheduled for the patients after surgery at 7, 14, and 28 days and 3 months after surgery, and 

on a yearly basis thereafter. Following the 3-month appointment, fabrication of the definitive 

prosthesis was initiated, consisting of a milled Ti frame with a wrap-around heat-cured acrylic 

resin (Nobel Procera Implant Bridge Ti framework veneered with composite). The antagonist 

denture was a fixed denture/implant supported restoration in all cases. A long-cone paralleling 

method was applied to obtain matched and calibrated orthopantomogram (OPT; panoramic X-

ray) images at the 3-month appointment and at the subsequent appointments continuously. 

The 3-month radiographs after the time of placement of the definitive prosthesis were utilized 

as a baseline (T0) to assess the bone levels longitudinally. At the respective follow-ups, the 

implants were assessed for signs of peri-implantitis, plaque, and bleeding on probing (BOP), 

based on routine clinical guidelines [104]. 
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1. F. Radiographic Assessment: Calculation of Marginal Bone Loss 

Peri-implant bone-level changes were measured by matched and calibrated OPT 

images taken at the 3-month appointment (i.e., baseline, T0) and follow-ups after 18 months 

(T1; 1.5 years post-restoration), 30 months (T2; 2.5 years post-restoration), and 42 months (T3; 

3.5 years post-restoration); marginal bone level (the most coronal bone-to-implant contact) 

was assessed on the MA and DA aspects. An independent researcher—not affiliated with the 

primary center and investigators—evaluated the OPT images. Radiographs were digitized in a 

640 (H) × 480 (V) pixel matrix image with an 8-bit depth. The density and contrast were then 

adjusted for optimal visualization of the marginal bone, and the digital images were saved as a 

.TIF extension image. The 2D images were then exported and analyzed using the 

CLINIVIEW image analysis software (MI Dental; Knowsley, Prescot, UK). Calibration for 

image analysis was performed on an individual implant-level (n = 288) to achieve the most 

accurate results possible, where the known size and specifications of the individual 

documented implants were used as the basis for calibration, to allow for the calculation of 

marginal bone level changes in the area. Assessment of bone levels were carried out and 

captured separately on the MA and DA sides of the implant. The change in marginal bone 

levels (expressed in mm) from the baseline (T0) to the values recorded at the follow-ups T1, 

T2, and T3 were calculated. 

 

1. G. Outcome Variables Assessed 

During the study, the following primary outcome measures were assessed: (i) implant 

survival rate (%), at baseline (T0; at the 3-month appointment), and after 18 months (T1; 1.5 

years post-restoration), 30 months (T2; 2.5 years post-restoration), and 42 months (T3; 3.5 

years post-restoration), defined as Ao4 implants being stable and functional (implant stability 

was assessed using pressure from two opposing instruments following the unscrewing of the 

prosthesis), lack of peri-implant radiolucency on radiographs, lack of suppuration or pain 

associated with the implant site, no signs of peri-implantitis, and lack of neuropathies or 

persistent paresthesia; (ii) MBL levels around Ao4 implants from the baseline (T0) to the 

values recorded at the follow-ups T1 (1.5 years), T2 (2.5 years), and T3 (3.5 years) post-

implantation. MBL levels were compared around the following implant subgroups: a.) 
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maxillary vs. mandibular implants; b.) tilted (posterior) and axial (anterior) implants; c.) MA 

and DA implants. 

2. Finite element analysis (FEA) 

2. A. Study design, model origin 

To perform FEA in the context of our study, a patient-specific finite element model 

was constructed using pre- and post-implantation CT images of a 63-year-old male patient 

with adequate bone supply, who was eligible for treatment with an implant-supported full 

bridge on four implants. Implant placement occurred 6 months post-extraction. The patient’s 

final prosthesis consisted of a milled cobalt−chromium (Co−Cr) alloy frame with a cold-

curing pour-type acrylic denture base (Vertex Dental B.V., Soesterberg, The Netherlands) and 

Ivoclar Vivadent (Schaan, Liechtenstein) denture teeth. A CBCT image corresponding to the 

patient’s baseline state and the panoramic radiograph 4-year post-implant placement are 

presented in Figures 4. and 5., respectively. 

To ensure the most accurate bone modelling possible, finite element models of the 

trabecular and the compact bone were created by the segmentation of the CT images of the 

pre-implantation edentulous mandible. This prevented the adverse effect of X-ray image 

artifacts in the environment of metallic materials on the subsequent material properties. The 

geometry and precise location of the implants in the jawbone were obtained by processing the 

post-implantation CT images. The two datasets—obtained by separate segmentations—were 

fused to create the final model including the trabecular bone, compact bone, and implants. 

 

Figure 4. Cone-beam CT (CBCT) image corresponding to the patient’s baseline state. 
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Figure 5. Panoramic radiograph of the patient 4 years post-implant placement. 

 

2. B. Modeling 

CT images (in .dicom format) were imported into the 3D Slicer Computer Aided 

Design (CAD) software [105]. To find the best display of the mandible, brightness and 

contrast were adjusted manually on the CT images, which were then loaded into 3D Slicer to 

create a 3D model, by combining the slices together [106]. Segmentation of the mandibular 

bone was completed manually using the “Threshold” command of the 3D Slicer Segmentation 

module. After the generation of the initial 3D model, the “Scissor” and “Island” tools were 

used to eliminate noise (i.e., excessive bone, small islands) from the model. The “Smoothing” 

command with the median smoothing option—which removed small extrusions and filled 

small gaps, while keeping smooth contours mostly unchanged—was used to eliminate 

roughness on the surface of the 3D model [106]. The segmentation of the mandible was 

finalized by the elimination of the residual metal support by the “Scissor” tool. To generate 

the cortical (compact) bone section, the “Hollow” command was used to create a new 

segment—which was a replica of the mandibular surface—at a thickness of 2.5 mm, with the 

assumption that the cortical bone layer thickness was regular. The trabecular (cancellous) 

bone section was simulated by subtracting the cortical bone segment from the mandible. 

The 3D geometry of the cylindrical implants was constructed using the same patient’s 

CT images, who received four implants in both the maxilla and the mandible, according to the 

SmartGuide® protocol (iRES®, Mendrisio, Switzerland) [107]. The two anterior implants 
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(MultiNeOTM with a Conical Standard (CS) implant-abutment connection platform, Alpha-

Bio Tec Ltd., Petah Tikva, Israel) were threaded, with angled multi-unit abutments (Alpha-

Bio Tec Ltd., Petah Tikva, Israel; 17°/2.5 mm and 30°/2.5 mm, respectively) and dimensions 

of 4.2 × 11.5 mm and 3.75 × 13 mm (diameter and length), respectively, were placed straight 

and parallel to each other. Two distally tilted implants (MultiNeOTM CS, Alpha-Bio Tec Ltd., 

Petah Tikva, Israel; the implants were threaded with a diameter and length of 4.2 × 11.5 mm) 

with angled multi-unit abutments (Alpha-Bio Tec Ltd., Petah Tikva, Israel; 17°/2.5 mm) were 

placed in the posterior region of the mandible [108]. The distance between the anterior two 

implants in the mandible was 15.5 mm, while the distance between the anterior and posterior 

implants was 11.0 mm and 9.16 mm, respectively. Steps to generate the 3D view of the 

implants were similar to those described for the mandible, their positioning inside the 

mandible was identical to the source material. The resulting CAD models were recorded in 

“.step” and “.iges” formats, which could be imported into the ANSYS SpaceClaim software 

(ANSYS 19.1, Canonsburg, PA, USA) to create the solid body mesh of the implants and 

mandible components [109]. 

 

2. C. Meshing, boundary conditions 

SOLID187 (a 10-node, higher order 3D element with quadratic displacement 

behavior, ideal for modeling irregular meshes) and CONTA174 (an 8-node 3D element used 

to model contact and sliding between surfaces) elements were used to generate the mesh of 

the mandible and the implants using ANSYS SpaceClaim [110,111]. Element size was 

adjusted to be finer at the implants and the contact surfaces with the mandible bone, on the 

other hand, the mesh was coarser at the rest of the mandible body. The number of elements 

and nodes of the models were 569,588 and 1,430,889, respectively. A simplified denture was 

included in the simulations with a metallic base and applied with a realistic geometry. The 

denture was assumed to be a horseshoe-shaped curved cylinder, with a diameter of 2 mm, 

running about 2 mm over the mandible surface, which was created by the “Spline” (used to 

create a curved line), “Pull” (used to generate volume elements from surface elements, or 

surface elements from line elements), and “Fill” (used to convert the object into a solid body) 

commands of ANSYS SpaceClaim (Figure 6). After checking for vertical alignment with the 

implants, the denture was integrated into the implant mesh, creating a single facet 
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interpenetrating the mandible, which was then subtracted from the model of the cortical and 

trabecular bone.  

Following the automatic and manual geometric repair of meshing errors, the facet 

mesh was converted into solid body mesh (Figure 7). As the present study focused on the 

functional behavior of the implants inside of the mandibular bone, the boundary conditions 

were fixed, the movements of the temporo-mandibular joint were neglected, and a fixed 

support was applied close to the vicinity of the joint [112]. In order to keep the number of 

elements at a reasonable level, the model considers the wire supporting the prosthesis, instead 

of the entire prosthesis, as the medium transmitting the masticatory loads to the implant. As 

the stiffness of the entire prosthesis is mainly provided by the Ti wire mentioned above, in our 

analyses, the distribution of the masticatory forces on the denture and the wire are assumed to 

be similar. For similar reasons, to reduce the complexity of the model, the geometry of the 

implants obtained from the post-implantation CT image of the same patient was used. 

 

 

Figure 6. Creation of the simplified denture during the modeling process 
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Figure 7. Finite element mesh of the implant-denture and the mandible models 

 

2. D. Material Properties 

The peri-implant bone in the model was made up of cortical and trabecular bones, with 

a transition region that extends past the implant’s outermost edge. The interface between the 

bone and the implant was set as bonded; osseointegration was assumed to be 100% [113]. 

Based on previous literature findings, the material properties, which define the physical 

properties of the modelled structures, were entered into the software, according to the values 

presented in Table 1. The physical features of the peri-implant bone were modelled to reflect 

the features of type II bone, according to the Lekholm and Zarb classification [39]. All parts 

in the model were accepted as homogeneous, isotropic, and linear elastic [114]. With the aim 

of simulating framework material changes, two sets of simulations were performed: i) in the 

first set of simulations (denoted as S1), the denture body and the implant bodies were 

assigned the same material (Ti, i.e., TiAl6V4), ii) in the second set of simulations (denoted as 

S2), different material properties were assigned to the implant bodies (TiAl6V4) and the 

denture bodies (a Co-Cr alloy in 70–30% ratio, i.e., CO−CR-01-P.30CR). 
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Table 1. Material properties used in the FEA 

Materials 
Density 

ρ [g/cm3] 

Young’s Modulus 

E [GPa] 

Poisson’s Ratio 

v 

Titanium [115,116] 

(TiAl6V4) 
4.51 102 0.36 

Cobalt−Chromium [115,116] 

(CO−CR-01-P.30CR) 
10 210 0.29 

Cortical bone [117,118] 1.6 15 0.3 

Trabecular bone [117,118] 0.2 0.096 0.3 

 

2. E. Loading, occlusal cases 

The finite-element simulation to model the state of the peri-implant bone and the stress 

distribution was carried out using the ANSYS Workbench software (ANSYS 2020 R1, 

Canonsburg, PA, USA). As a part of our study, the effects of different occlusion settings – 

i.e., the appropriate location of the masticatory force – was assessed. For the sake of 

comparability, the vertical components of the masticatory forces were included in the 

calculations; these were set at 300 N to be exerted on the denture in four different simulated 

load cases [119], as seen in Figure 8 and described below: 

 Load case 1 (LC1): the distributed masticatory force that covers the entire surface of the 

denture 

 Load case 2 (LC2): similar to the LC1 case, but the force excludes the cantilevers of the 

denture stretching behind the terminal implants 

 Load case 3 (LC3): the masticatory force was exerted on the denture at the premolar 

region, at the area extending between the front and side implants 

 Load case 4 (LC4): similar to the LC3 case, a nonsymmetrical distributed force, but 

applied on only one side of the denture 
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In the case of linear analysis, it is assumed that the relationship between the force 

acting on the examined body and the deformation caused by the mentioned force is linear 

[120]. In subsequent analyses, positive (+) values represent tension, while negative (-) values 

represent compression stress. Stress outputs for the mandible from the ANSYS Workbench 

were taken as maximum principal stress (or first principal stress/tensile stress, [Pmax], 

representing the strongest tensile stress at the point of interest), minimum principal stress (or 

third principal stress/compressive stress, [Pmin], representing the strongest compressive stress), 

and equivalent stress (or von Mises stress, [Peqv], representing the stress around the implant, 

i.e., where the load is transferred to the bones) [121]. 

 

 

Figure 8. Load cases (LC1–4) used in the study.  

The red line represents the distributed load applied in the FEA. 
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3. Ethical considerations 

The studies 1 (clinical study) and 2 (FEA) were conducted in accordance with the 

Declaration of Helsinki and national and institutional ethical standards. Ethical approval for 

the study protocols were obtained from the Human Institutional and Regional Biomedical 

Research Ethics Committee, University of Szeged (registration number: 158/2021-SZTE 

[5035]). All participants (including were informed of the nature and aims of the study and the 

data collected; all participants of the study signed an informed consent form.  

 

4. Statistical analysis 

4. 1. Clinical study 

Descriptive statistics (including means ± SEM (standard error of the mean), ranges 

and percentages) was performed using Microsoft Excel 365 (Microsoft Corp., Redmond, WA, 

USA). Statistical analyses were carried out by the SPSS v. 22.0 (IBM Corp., Endicott, NY, 

USA): the normality of variables was tested using the Shapiro–Wilk test; inferential statistics 

were performed using independent-sample t-test, one-way analysis of variance (ANOVA) 

with Tukey’s post hoc test and Pearson’s correlation (r) coefficient. p values < 0.05 were 

considered statistically significant. 

 

4. 2. Finite element analysis (FEA) 

The results of FEA do not have variance, therefore there was no need to perform 

statistical analysis. 
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VI. RESULTS 

1. Clinical study 

During the study period, n = 36 patients (n = 24 [66.7%] males and n = 12 [33.3%] 

females) with complete records of periapical radiographs underwent implant placement using 

the Ao4 concept at the Faculty of Dentistry, University of Szeged, and have been 

rehabilitated. The mean age of patients at the time of fixture installation was 58.75 ± 13.71 

years (range: 19–90 years). In sum, n = 144 and n = 144 implants (Nobel Biocare) were 

placed in the maxilla and mandibles of patients, respectively, therefore the analysis of n = 288 

individual implant data was carried out. During the 42-month study period, no implants have 

failed, resulting in 100% overall survival rate (100% for T0, T1, T2 and T3, respectively). No 

patients (n = 0) were lost to follow-up at either time points (i.e. at 3 months, at 18 months, at 

30 months, and at 42 months post-restoration, respectively), all patients complied with the set 

timetables.  

The radiographic mean MBL at baseline (T0) were 0.181 ± 0.011 mm (mean ± SEM; 

maxilla (n = 144): 0.178 ± 0.017 mm vs. mandible (n = 144): 0.184 ± 0.015 mm; p > 0.05); in 

the subsequent analyses, marginal bone level changes (ΔBL) at T1, T2, and T3 follow-up times 

were compared to these initial values. Levels of marginal bone loss according to different 

correlates are presented in Table 2. (maxilla vs. mandible), Table 3. (axial vs. posterior 

implants) and Table 4. (MA vs. DA), respectively; in addition, the extent of bone loss on an 

individual implant-level is represented in Table 5. and Table 6. The mean MBL rate after the 

1.5-year follow-up was 0.558 ± 0.029 mm and 0.484 ± 0.024 mm, while by the 3.5-year mark, 

MBL rate was 0.770 ± 0.029 mm and 0.713 ± 0.026 mm regarding the implants placed in the 

maxilla and mandibular bone, respectively; bone-level changes were significant over time  

(p = 0.035 and p = 0.033, respectively), while the alterations observed around the maxilla and 

mandibular implants did not differ significantly (p > 0.05) (Table 2.).  

Measured bone loss was significantly higher in posterior implants throughout the 

follow-up period (Table 3.); in addition, bone-level changes were significant over time  

(p = 0.041 and p = 0.039). No significant differences were observed in the measured bone-

level changes on the MA and DA aspects of the implants throughout the study period (p > 

0.05 in all cases; Table 4.), while bone loss increased consistently during the follow-up 

periods in both the MA (p = 0.029) and DA (p = 0.035) aspects.  
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Table 2. Marginal bone-level changes around implants located in the maxilla and mandible 

during the 42-month study period 

 
Marginal bone level changes (ΔBL) (mm ± SEM) 

 Follow-up  Maxilla (n = 144) Mandible (n = 144) 

p-value 

(between 

groups)** 

T1  -0.558 ± 0.029a  -0.484 ± 0.024a  p > 0.05 

T2  -0.747 ± 0.030b  -0.678 ± 0.036b  p > 0.05 

T3  -0.770 ± 0.029b  -0.713 ± 0.026b  p > 0.05 

p-value (between follow-

ups)* 
 p = 0.035 p = 0.033   

*based on ANOVA analysis, significant differences (p < 0.05) among groups (as 

demonstrated by post-hoc tests) are indicated by different superscript letters (a and b); 

**based on independent-sample t-test; p-values below 0.05 are shown in boldface 

 

Table 3. Marginal bone-level changes around axial and tilted implants during the 42-month 

study period 

  Marginal bone level changes (ΔBL) (mm ± SEM) 

 Follow-up  
Axial (anterior)  

(n = 144) 

Tilted (posterior)  

(n = 144) 

p-value 

(between 

groups)** 

T1  -0.405 ± 0.021a  -0.637 ± 0.027a p = 0.008  

T2  -0.592 ± 0.024b  -0.676 ± 0.028a p = 0.048  

T3  -0.606 ± 0.022b  -0.833 ± 0.029b  p = 0.002 

p-value (between follow-

ups)* 
 p = 0.041  p = 0.039   

*based on ANOVA analysis, significant differences (p < 0.05) among groups (as 

demonstrated by post-hoc tests) are indicated by different superscript letters (a and b); 

**based on independent-sample t-test; p-values below 0.05 are shown in boldface 
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During subgroup analysis, a tendency was shown for higher bone loss rates for both 

MA (T1: −0.586 ± 0.043, T2: −0.716 ± 0.046, and T3: −0.767 ± 0.042) and DA (T1: −0.545 ± 

0.051, T2: −0.757 ± 0.063, and T3: −0.825 ± 0.060), however these differences were not 

statistically significant (p > 0.05) (Table 4.).  

Table 4. Marginal bone-level changes on the mesio- (MA) and disto-approximal (DA) 

aspects of the implants during the 42-month study period 

  Marginal bone level changes (ΔBL) (mm ± SEM) 

 Follow-up  
Mesio-approximal 

(MA) aspect (n = 144) 

Disto-approximal 

(DA) aspect (n = 144) 

p-value 

(between 

groups)** 

T1  -0.519 ± 0.024a  -0.522 ± 0.029a p > 0.05 

T2  -0.697 ± 0.025b  -0.728 ± 0.032b p > 0.05 

T3  -0.729 ± 0.024b  -0.793 ± 0.029b  p > 0.05 

p-value (between follow-

ups)* 
 p = 0.029 p = 0.035    

*based on ANOVA analysis, significant differences (p < 0.05) among groups (as 

demonstrated by post-hoc tests) are indicated by different superscript letters (a and b); 

**based on independent-sample t-test; p-values below 0.05 are shown in boldface 

 

The degree of bone resorption was also assessed on an individual implant-level 

separately in the maxilla and mandible, presented in the Tables 5. and 6. In the case of the 

maxilla, higher bone loss was observed for the teeth 14DA (with -1.001 ± 0.101 mm at T3, 

range: -0.3-1.7 mm) and 24DA (with -1.066 ± 0.081 mm at T3, range: -0.6-1.8 mm), which 

were significantly higher than the values compared to most other teeth (p < 0.05) (Table 5.). 

Highest rate of bone loss in the mandible were shown for the teeth 34DA (with -0.872 ± 0.044 

mm at T3, range: -0.6-1.3 mm) and 44MA (with -0.789 ± 0.066 mm at T3, range: -0.4-1.5 

mm); bone resorption at 34DA was significantly higher rates observed for other teeth (p < 

0.05), with the exception of 32MA and 44MA (Table 6.). Significantly increasing levels of 

bone loss were seen in all respective cases, both for maxillar and mandibular implants (p < 

0.05).  



34 
 

Furthermore, it was tested whether the age of the patients was a relevant correlate 

regarding bone resorption levels; overall, we did not find any significant linear correlation  

(r < 0.2, p > 0.05) between the degree of bone resorption and age. However, in case of 12MA 

in the maxilla, a positive (but non-significant) tendency could be observed. 

 

Table 5. Marginal bone-level changes around individual implants in the maxilla 

during the 42-month study period 

  Marginal bone level changes (ΔBL) (mm ± SEM) 

 Follow-up  
12DA 

(n = 18) 

12MA 

(n = 18) 

14DA 

(n = 18) 

14MA 

(n = 18) 

22DA 

(n = 18) 

22MA 

(n = 18) 

24DA 

(n = 18) 

24MA 

(n = 18) 

T1 
 -0.378 

± 0.051a 

 -0.489 

± 0.063a 

 -0.728 ± 

0.093a 

 -0.567 ± 

0.074a 

 -0.361 ± 

0.061a 

 -0.439 ± 

0.055a 

 -0.844 ± 

0.095a 

 -0.538 ± 

0.053a 

Range (mm) -0.0-0.7 -0.0-1.1 -0.2-1.4 -0.0-1.2 -0.0-0.8 -0.0-1.0 -0.4-1.8 -0.0-1.2 

T2 
 -0.583 

± 0.042b 

 -0.661 

± 0.051b 

 -0.950 ± 

0.105b 

 -0.733 ± 

0.072b 

 -0.489 ± 

0.062b 

 -0.605 ± 

0.067b 

 -1.033 ± 

0.087b 

 -0.722 ± 

0.056b 

Range (mm) -0.3-1.0 -0.1-1.1 -0.3-1.7 -0.2-1.2 -0.1-0.8 -0.4-1.4 -0.6-1.8 -0.1-1.3 

T3 
 -0.711 

± 0.061c 

 -0.717 

± 0.054b 

 -1.001 ± 

0.101b 

 -0.772 ± 

0.074b 

 -0.553 ± 

0.053b 

 -0.667 ± 

0.065b 

 -1.066 ± 

0.081b 

 -0.789 ± 

0.066b 

Range (mm) -0.3-1.1 -0.2-1.1 -0.3-1.7 -0.3-1.5 -0.1-0.8 -0.4-1.4 -0.6-1.8 -0.1-1.3 

Statistical 

significance¹ 
 * *  *  *  *  *  *  *  

1based on ANOVA analyses, level of significance: * denotes p<0.05; significant 

differences (p < 0.05) among groups (as demonstrated by post-hoc tests) are indicated by 

different superscript letters (a, b and c) 
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Table 6. Marginal bone level changes around individual implants in the mandible 

during the 42-month study period 

  Marginal bone level changes (ΔBL) (mm ± SEM) 

 Follow-up  
32DA 

(n = 18) 

32MA 

(n = 18) 

34DA 

(n = 18) 

34MA 

(n = 18) 

42DA 

(n = 18) 

42MA 

(n = 18) 

44DA 

(n = 18) 

44MA 

(n = 18) 

T1 
 -0.256 

± 0.051a 

 -0.550 

± 0.078a 

 -0.622 ± 

0.052a 

 -0.494 ± 

0.058a 

 -0.344 ± 

0.054a 

 -0.422 ± 

0.066a 

 -0.344 ± 

0.054a 

 -0.538 ± 

0.053a 

Range (mm) -0-0.6 -0.1-1.1 -0.2-1.0 -0.1-0.9 -0-0.8 -0.1-1.0 -0.2-1.0 -0.1-1.4 

T2 
 -0.388 

± 0.053b 

 -0.689 

± 0.082b 

 -0.827 ± 

0.053b 

 -0.678 ± 

0.063b 

 -0.494 ± 

0.046b 

 -0.627 ± 

0.062b 

 -0.494 ± 

0.046b 

 -0.722 ± 

0.056b 

Range (mm) -0.1-0.7 -0.1-1.4 -0.4-1.3 -0.2-1.0 -0.1-0.8 -0.2-1.2 -0.3-1.1 -0.3-1.4 

T3 
 -0.444 

± 0.051c 

 -0.722 

± 0.081b 

 -0.872 ± 

0.044b 

 -0.717 ± 

0.059b 

 -0.555 ± 

0.051b 

 -0.694 ± 

0.051b 

 -0.555 ± 

0.051b 

 -0.789 ± 

0.066b 

Range (mm) -0.1-0.8 -0.1-1.4 -0.6-1.3 -0.3-1.1 -0.2-0.9 -0.4-1.1 -0.3-1.3 -0.4-1.5 

Statistical 

significance¹ 
 * *  *  *  *  *  *  *  

1based on ANOVA analyses, level of significance: * denotes p<0.05; significant 

differences (p < 0.05) among groups (as demonstrated by post-hoc tests) are indicated by 

different superscript letters (a, b and c) 
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2. Finite element analysis (FEA) 

During our analyses, stress results associated with the four sets of masticatory load 

cases (i.e. LC1–LC4), corresponding to different implant-denture material configurations (i.e. 

S1 and S2) were expressed in MPa, as the maximum principal stress (Pmax; peak tension 

stress), minimum principal stress (Pmin; peak compressive stress), and equivalent stress (Peqv) 

values in the cortical and the trabecular bone. Results of the stress values in mandibular bone 

structure are shown in Table 7. Furthermore, stress heatmaps with range scales (shown in 

different colors) for maximum and minimum principal stresses are demonstrated for each load 

case for the cortical and trabecular bodies, respectively; as representative figures, the stress 

heatmaps for the S1 LC1 and S2 LC1 cases for the cortical bone segment and mandibular 

bone segment of the mandible are shown in Figures 9-10. and Figures 11-12., respectively. 

On the other hand, the stress heatmaps for the S1 LC2 and S2 LC2 cases for the cortical bone 

segment and mandibular bone segment are shown in Appendix 1-2. and Appendix 3-4., for 

the S1 LC3 and S2 LC3 cases for the cortical bone segment and mandibular bone segment, 

they are shown in Appendix 5-6. and Appendix 7-8., while for the S1 LC4 and S2 LC4 cases 

for the cortical bone segment and mandibular bone segment, they are presented in Appendix 

9-10. and Appendix 11-12., respectively. For more visibility, implants were not included in 

these stress maps. 

Overall, based on the stress maps for principal stress distribution, the highest stress 

values were always seen at the implant—bone interface. Compressive stress values were 1.5–

2.5-times higher and 1.1–1.4-times higher than tensile stress values in the cortical bone and 

trabecular bone, respectively (Table 7.). The highest maximum principal stress values were 

observed for the load case LC2, both regarding the cortical bone (S1 Pmax: 89.57 MPa,  

S2 Pmax: 102.98 MPa) and the trabecular bone (S1 Pmax: 3.03 MPa, S2 Pmax: 2.62 MPa). The 

highest tensile stress for LC2 was seen near the top of the third implant for the cortical bone, 

and near the top of the second implant for the trabecular bone. The highest minimum principal 

stress values for the cortical bone were seen in the S2 LC2 (Pmin: −265.35 MPa) and S1 LC3 

cases (Pmin: −172.30 MPa), while in the case of the trabecular bone, these were seen in the 

case of LC4 (S1 Pmin: −3.49 MPa, S2 Pmin: −3.52 MPa), respectively, which were seen near 

the top of the second implant. Nevertheless, all other load cases (including LC3 and LC4) 

showed higher Pmax and Pmin values for both simulations and bone segments, compared to 

LC1, where the force covers the entire surface of the denture, including the extension surface 
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(cortical bone: S1 Pmax: 76.39 MPa, S2 Pmax: 88.51 MPa; S1 Pmin: −115.30 MPa, S2 Pmin: 

−222.76 MPa; trabecular bone: S1 Pmax: 2.49 MPa, S2 Pmax: 2.24 MPa; S1 Pmin: −2.81 MPa,  

S2 Pmin: −2.89 MPa). Peak equivalent stress values were highest in the case of LC1  

(166.40 MPa) and LC2 (279.69 MPa) for S1 and S2, respectively; the lowest equivalent stress 

was observed at LC4 (142.27 MPa) for S1, and LC1 (244.92 MPa) for S2 (Table 7.). 

Table 7. Peak tension (Pmax), compression (Pmin) stress, and equivalent stress (Peqv) values in 

the different parts of the mandibular bone structure [MPa]. 

  LC1 LC2 LC3 LC4 

  S1 S2 S1 S2 S1 S2 S1 S2 

Cortical bone Pmax [MPa] 76.39 88.51 89.57 102.98 85.63 95.48 81.02 93.15 

 Pmin [MPa] −115.30 −222.76 −136.4 −265.35 −172.30 −252.61 −125.20 −235.32 

Trabecular 

bone 
Pmax [MPa] 2.49 2.24 3.03 2.62 2.95 2.52 2.92 2.59 

 Pmin [MPa] −2.81 −2.89 −3.34 −3.38 −3.25 −3.25 −3.49 −3.52 

Peqv [MPa] 166.40 244.92 166.36 279.69 164.36 265.58 142.27 260.77 

The values in italics represent the lowest, while values in boldface represent the highest 

tension stress (Pmax), compression stress (Pmin), and equivalent stress (Peqv) values in each 

case; LC1–LC4: load case 1–4; S1: material assigned for denture body and implant bodies is 

TiAl6V4; S2: material assigned for implant bodies was TiAl6V4, while this was a Co-Cr 

alloy for the denture body; MPa: megapascal. 
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Peak maximum principal stress values in the cortical bone were 15.87%, 14.97%, 

11.50%, and 14.97% higher in the case of S2, for the LC1, LC2, LC3, and LC4 load cases, 

respectively. In light of this, peak minimum principal stress values in the cortical bone were 

93.20%, 94.54%, 46.61%, and 87.96% higher in the case of S2, for the LC1, LC2, LC3, and 

LC4 load cases, respectively. Peak maximum principal stress values in the trabecular bone 

were 11.16%, 15.65%, 15.87%, and 15.87% higher in the case of S1, for the LC1, LC2, LC3, 

and LC4 load cases, respectively. On the other hand, differences in the peak minimum 

principal stress values in the trabecular bone were considerably smaller, i.e., 2.85%, 1.20%, 

0.0%, and 0.86% higher in the case of S2, for the LC1, LC2, LC3, and LC4 load cases, 

respectively. Equivalent (von Mises) stress values were higher 47.19%, 68.12%, 61.58%, and 

83.29% higher in the case of S2, for the LC1, LC2, LC3, and LC4 load cases, respectively 

(Table 7).  
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Figure 9. Maximum (Pmax, A) and minimum (Pmin, B) principal stress distributions in the 

cortical bone segment of the mandible for the S1 LC1 simulation case. The heatmap shows 

the distribution of stresses according to the color scale, while the maximum and minimum 

values for stresses are also denoted (e.g., 8E3 corresponds to 8 × 10³). 
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Figure 10. Maximum (Pmax, A) and minimum (Pmin, B) principal stress distributions in the 

cortical bone segment of the mandible for the S2 LC1 simulation case. The heatmap shows 

the distribution of stresses according to the color scale, while the maximum and minimum 

values for stresses are also denoted (e.g., 8E3 corresponds to 8 × 10³). 
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Figure 11. Maximum (Pmax, A) and minimum (Pmin, B) principal stress distributions in the 

trabecular bone segment of the mandible for the S1 LC1 simulation case. The heatmap shows 

the distribution of stresses according to the color scale, while the maximum and minimum 

values for stresses are also denoted (e.g., 8E3 corresponds to 8 × 10³). 
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Figure 12. Maximum (Pmax, A) and minimum (Pmin, B) principal stress distributions in the 

trabecular bone segment of the mandible for the S2 LC1 simulation case. The heatmap shows 

the distribution of stresses according to the color scale, while the maximum and minimum 

values for stresses are also denoted (e.g., 8E3 corresponds to 8 × 10³). 
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VII. DISCUSSION 

 

1. Clinical study 

The aim of the retrospective clinical study was to provide additional evidence on the 

clinical outcomes associated with distally tilted implants according to the Ao4 therapeutic 

concept, and to assess the rates of marginal bone loss as a function of the elapsed time and 

patient characteristics using radiographic findings. Various procedures preceding implant 

placement (e.g., impression, drilling, and introduction of tools) may lead to inflammation and 

consequently, a baseline level of bone resorption will inevitably occur [122]. Additionally, 

recent studies provide evidence that repeated abutment manipulation, in the case of implants 

with platform-switching, may lead to detrimental changes in soft and hard tissues (i.e., tissue 

remodeling as measured by mucosal margins, implant shoulder, apical extension of the long 

junctional epithelium and most coronal bone-level in contact with the implant) [123]. Thus, 

on one hand, the use of implants with fixed abutments (i.e. the “one abutment–one time” 

concept) may greatly stabilize peri-implant soft and hard tissues, while immediate implant 

placement may significantly reduce the initial unavoidable bone loss [124]. Only around two-

thirds of patients are completely complication-free following the restoration of the implant-

supported fixed prostheses; these complications may include biological adverse events (e.g., 

peri-implantitis or loss of alveolar bone) and technical complications (screw loosening, 

retention loss, or fractures in the superstructures), that may lead to implant failure [125-127]. 

The clinical utility of the Ao4 treatment concept has been demonstrated in numerous clinical 

studies, showing that this technique is distinguished by a predictable, positive prognosis and 

high patient satisfaction rates [78,128]. The superiority of this concept is associated with the 

implementation of an atrophic maxilla or mandible, less complicated surgery and upkeep, and 

masticatory forces in the satisfactory range [78].  

The initial hypotheses for our study were: (i) no differences in peri-implant bone 

levels among axial and tilted implants during follow-ups, and (ii) no differences in peri-

implant bone levels measured at the MA and DA aspects of implants during follow-ups. The 

3.5-year-long follow-up period involved thirty-six patients, with an overall implant survival 

rate of 100%, highlighting the clinical success of the Ao4 concept. High implant survival rates 

have been consistently reported for this technique; the previously mentioned longitudinal 
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study of Maló et al. and the narrative review of Durkan et al. all reported high implant 

survival rates, with no differences between tilted and axial implants in clinical success rates 

[77,78]. Based on our MBL at baseline (T0; ~0.18 mm) and at the three follow-up points (T1, 

T2, and T3), bone loss showed the kinetics characteristic for a saturation curve, i.e., showing 

relatively high ΔBL values at the first-follow-up, with bone-levels changes “flattening out” 

the curve. By the third follow-up, mean bone loss in our patients was around 0.7–0.8 mm in 

both the maxilla and mandible, with specific positions in the maxilla and the mandible 

disproportionally affected; while a tendency for higher peri-implant bone loss was seen on the 

DA aspects, no significant differences were shown MA vs. DA aspects during follow-ups. 

Bone resorption measured on the MA aspects may be mediated by masticatory forces 

generated on extension surfaces and the negative torque generated by the bucco-lingual 

forces, which exerts tensile stresses on these surfaces – which were previously verified via 

FEA studies – which can enhance bone resorption [129].  

The literature shows wide variation for MBL rates among studies, which is also 

considerably influenced by the follow-up period associated with the study. Similar kinetics in 

bone-loss where observed by Hürzeler et al. [130], showing MBL of 1.5 mm in the first year 

post-implantation, followed by 0.2 ± 0.5 mm in the subsequent years (in a 5-year follow up 

study), and Widmark et al. [131], with MBL of 1.0 mm in the first year post-implantation, 

followed by 0.2 mm in the subsequent years (with follow-ups ranging between 3–5 years). In 

a study involving thirty-nine patients, Makary et al. assessed the clinical success of an early 

loading protocol by controlling for thread depth according to the bone density of the implant 

site. They showed a decrease in Implant Stability Quotient (ISQ) values in the early periods of 

healing – associated with the transition from primary to secondary stability – following the 

surgical intervention, with the average marginal bone loss recorded at 0.12 ± 0.12 mm at 12 

months post-loading with a 100% survival rate. In their study, no differences were shown 

between the MA and DA aspects of implants [132]. Similarly to this study, no differences 

were observed between MBL at the MA and DA aspects by Barone et al. (0.4 mm vs. 0.5 

mm) [133]. In a retrospective, CBCT-based study, Roe et al. reported a 0.82 ± 0.64 mm 

vertical, and 1.23 ± 0.75 mm horizontal bone height reduction at 1-year follow-up after 

immediate implant placement [134]. Interestingly, the study of Maló et al. reported implant 

failure in similar positions where our study presented with the highest levels on an individual 

implant-level [135]. 
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On the other hand, bone loss levels were significantly higher around tilted implants 

compared to axial implants at every time-point. Tilted or short implants provide viable 

alternatives to bone grafting; on the other hand, they may lead to increased stress on the 

surrounding bone due to bending [136,137]. A finite-element analysis performed by Rubo et 

al. showed that the presence of distally tilted implants in an Ao4 concept would result in 

higher maxillary bone stress compared to vertical implants, highlighting that the proportion of 

increased stress in proportional to the increased length of the cantilever [138]. In contrast, the 

paper by Durkan et al. reports bone loss levels within the range of 0.34–1.14 mm for axial, 

and 0.43–1.13 mm for angled implants, with no significant differences between them [78]. 

The study by Pera et al. compared the clinical outcomes of immediate and delayed-loading 

procedures in edentulous maxillae with full-arch fixed prostheses, where all prostheses 

provided satisfactory function and no significant differences were shown in the cumulative 

survival rate of implants (one-stage: 93.3% vs. two-stage: 94.9%), while MBL was 

significantly lower in the immediate-loading group [75]. In a prospective 6-year study from 

the same authors, the clinical reliability of the immediate-loading protocol was further 

demonstrated, noting no significant differences in bone loss when comparing tilted vs. axial 

implants [76]. Implant length may also considerably affect implant survival and MBL, as 

demonstrated by the meta-analysis conducted by Fernandes et al.: based on the randomized 

controlled trials (RCTs) included in the analysis, survival rate of extra short (≤6 mm) and 

longer (6 mm) implants were similar (93.12% vs. 95.98%). In addition, average marginal 

bone loss at 1-year-, 3-year-, 5-year- and 8-year follow-ups were −0.71 mm, −0.42 mm, −0.69 

mm, and −1.58 mm for extra short implants, while −0.92 mm, −0.43 mm, −0.46 mm, and 

−2.46 mm for longer implants, respectively. In summary, published clinical studies have 

shown that bone loss was lower in extra short implants [139]. Overall, our study has 

concluded that the use of Ao4 prosthetic concept for total arch rehabilitation yields higher 

MBL in association with tilted implants and, in some cases, on the MA surfaces at vertically 

positioned implants after >40 months of function. The present study highlights some areas of 

concern during prosthetic rehabilitation with the Ao4 concept. The limitations of our study – 

including the retrospective, single-center study design, the relatively low number of subjects 

and the time of follow-up – should be taken into consideration when interpreting the results. 
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2. Finite element analysis (FEA) 

Our 3D-FEA-based study aimed to evaluate the biomechanical effects of different 

occlusion/load cases and implant-denture material properties in an edentulous mandible 

(constructed using authentic CT scans of a patient) with an implant-supported full bridge on 

four implants, to model the biomechanical properties of the Ao4 concept. The initial 

hypotheses our study were the following: (i) the LC where the masticatory force covers the 

entire surface of the denture (including the cantilever) is the most advantageous, when 

considering stress distributions, (ii) material properties assigned to the denture body and the 

implant considerably affect stress levels and stress distribution characteristics. Due to the 

bone’s elastic material properties, tensile and compressive stress values were deemed 

appropriate to evaluate biomechanical properties in this study [140]. Based on previous 

literature findings, the cortical bone is most mechanically resistant to compressive forces, less 

resistant to tensile force, and the least resistant to shear forces, respectively [141]. Based on 

our analyses, the LC1 modeled was noted as the safest option, confirming our initial 

hypotheses. This load case was characterized by the most uniform stress distribution, and the 

lowest peak Pmax and Pmin values in the mandible body, throughout all simulations. On the 

other hand, LC2 – the load case where the force excluded the cantilevers of the denture 

extending behind the terminal implants – showed the highest peak Pmax values in both cortical 

and trabecular bone for S1 and S2, respectively; therefore, it was the least desirable option in 

our analyses. For Pmin, the situation was a bit more complex: in case of the cortical bone, LC2 

for S2 and LC3 for S1 showed the highest values (−265.35 MPa and 172.30 MPa, 

respectively), while in the case of the trabecular bone, LC4 had the highest peak values (both 

for S1 and S2). Overall, all other load cases in most simulation parameters showed higher 

stress values than LC1. As seen on the stress distribution maps (as shown in the Results and in 

the Appendix), noted stress values were peak values denoted at a specific position; however, 

in reality, these maximum stresses occur as a load transmitted at the bone–implant interface, 

not at a single point [142]. Although comparisons may be hindered by the different model 

characteristics set by researchers, our results have yielded similar Pmax and Pmin values, in the 

same order, to other previously published reports assessing stresses on mandibular bone tissue 

[112,113,121,140,143-146]. The mandibular bone adapts to its loading, and responds to 

stresses by bone formation or resorption, i.e., neither unloaded nor overloaded areas are 

desirable due to long-term consequences [147]. Thus, the longevity of an implant may be 

ensured by keeping the stresses of the bone in the physiological range, with the most even 
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stress distribution possible [148]. Overloading and subsequent bone resorption would occur if 

the tensile and compressive values exceed the physiological limits posed by the ultimate 

strength of the bone; stress values resulting from our FEA were below these physiological 

limits in all simulations and load cases [149]. In addition, the rigid full-arch restoration and 

the spread of the implants in the mandible will further reduce stress on an individual implant-

level. 

The Ao4 treatment concept has been widely popularized in the recent years for the oral 

rehabilitation of an atrophic mandible, due to high level of functionality and patient 

satisfaction rates [150]. The clear advantages of this technique include the small number of 

implants needed, less complex surgery, the use of longer, tilted distal implants (resulting in a 

shorter cantilever), and large inter-implant distances, leading to improved anchorage to the 

bone and higher primary stability [151]. Based on various clinical reports, the use of shorter 

implants has been discouraged, due to their lower success rate; on the other hand (when 

implant diameter is kept constant), there are considerable benefits to increasing implant length 

in enhancing bone-implant contact area and primary stability, but only up to a cut-off point of 

around 12–15 mm [152]. Studies have demonstrated that increased stress in the implant and in 

the peri-implant area is proportional to longer cantilever lengths. According to the study by 

Bevilacqua et al., it was shown that decreasing the cantilever length – irrespective of distal 

implant inclination angles (0°, 15°, 30° and 45°) – led to a reduction in all modelled stress 

values [153]. Thus, due to the tilted distal implants, shorter cantilever length will 

subsequently lead to lower stress and strain values. The 3D-FEA study of Liu et al. also 

highlighted this, when assessing the stress distributions of immediate- and delayed-loaded 

Ao4 implants in an edentulous maxilla; their study included various implant inclination angles 

(0°, 15°, 30°, and 45°) for posterior implants, where a multivectoral load of 150 N was 

applied to the distal cantilever of the superstructure. In the immediate-loading cases, the 

highest Pmax and Pmin values in the cortical bone were seen for the 0° inclined implants, while 

these stresses decreased by 24.91% and 53.00%, respectively, for the 45° implants. The 

average Pmax and Pmin values (corresponding to the load on the entire model) decreased with 

the increasing inclination angles in all measurements [112]. Malhotra et al. studied the effect 

of distal implant angulation with different cantilever lengths in a mandibular Ao4 model, 

where unilateral and bilateral axial and oblique forces were applied and Peqv stress and strain 

distribution was measured. Their results showed that there were significant differences in the 

Peqv values between 30° and 45° implants, while no such differences were shown for 
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increasing the cantilever length from 4 mm to 12 mm [154]. Their results are in concordance 

with the report of van Zyl et al., demonstrating that the ideal level of cantilever loading exists 

up to 15 mm, while over this threshold value, buccal and lingual cortical plates may be under 

considerably greater stresses, risking implant failure [155]. Overall, their studies have also 

underlined that longer cantilever lengths should be avoided.  

One of the main findings of the current study is the considerable effect that the load 

positions had on the distribution of the tested stresses. It should also be noted that in our FEA 

model, peak stress values were measured near the implant−bone interface, which may be 

explained by the stress distribution characteristic of the cylindrical implants modeled in the 

present study [156]. The geometry of the implant body and surface thread may have 

considerable effects on load transfer characteristics: while smooth, cylindrical implants may 

transfer dangerous shearing effects at the bone-implant interface (resulting in higher rates of 

implant failure), while through the introduction of (micro)threads to the implant architecture – 

as a surface function – these shear forces may transform into more tolerant force forms 

transferred to the bone surface [157]. Wu et al. performed an in vitro experiment coupled with 

3D-FEA to assess the effects of implant design on the stress distribution in mandibular Ao4 

implants; in their study, three distinct loading positions were defined (i.e., at the central 

incisor area, and at molar regions with or without cantilever load) and they showed that the 

peak stress values were 36–62% and 45–57% higher, respectively, in the non-cantilever load 

case [158]. Horita et al. performed a FEA-based micromotion and stress analysis in an 

edentulous mandible; in their analysis, peak Pmin values were higher in the immediate-loading 

case, both with and without cantilever loading, while for non-cantilever loading, a ~45–50% 

reduction in stress values were shown. Their 3D model showed peak Pmin and Pmax in the 

bone around the neck of the right distal implant in the tested cases, which may be due to the 

relatively high Young’s modulus of the cortical bone, which lies in the closest vicinity of the 

occlusal loading area and the implant neck. Furthermore, in their report, the framework 

material did not have a pronounced effect on the results [159]. One of the considerable 

advantages of using standardized FEA models to compare the stress distribution of various 

LCs is that the intended (study) factors may be changed at will, while keeping all other study 

factors constant, ensuring all changes in the simulation outcome are due to the effect of the 

studied variable [112,114,160]. In contrast to our initial hypotheses, the framework applied 

(S1 and S2), had a relatively small effect regarding Pmax values in the cortical bone 

(difference: 11.50–14.97%) and trabecular bone (difference: 11.16–15.87%); on the other 
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hand, Pmin values in the cortical bone (difference: 46.61–94.54%) and Peqv values (difference: 

47.19–83.29%) were considerably higher in the case of S2 (i.e., the simulated Ti and Co−Cr 

framework). The study by Bhering et al. compared biomechanical stresses in the maxilla for 

Ao4 and “All-on-Six” implants using different framework materials (Ti, Co−Cr, and Zr); the 

study showed that Pmax, Pmin, and Peqv values for the cortical and cancellous bone and implant 

displacement were significantly lower for the All-on-Six model, associated with the higher 

number of implants. On the other hand, the different framework materials had no considerable 

effect on implant displacement or on any of the stresses modelled [161]. A finite-element 

micromotion analysis performed by Siguira et al. – using parallel-implant and Ao4 implant 

configuration models in an edentulous mandible – highlighted the influence of trabecular 

bone thickness (defined as high and low-density) on preventing micromotion, while cortical 

bone thickness seemingly played a smaller role. In their Ao4 model, the maximum 

micromotion for non-cantilever loading was one-third of that with cantilever loading [162]. 

Although the limitations of the study should be taken into account, the overall findings were 

the following: (i) among our mandibular models, the LC where masticatory forces covered the 

entire mesio−distal surface of the denture, including the cantilever, was identified as the most 

advantageous (with the most uniform stress distribution and the lowest peak stress values), 

while the LC where the modelled masticatory forces excluded the cantilevers was observed as 

the least desirable option in our analyses, (ii) material properties of the denture in our models 

had a considerable influence on the Pmin values in the cortical bone and on Peqv, while the 

same was not noted in for Pmax values. To assess the real-life clinical consequences of the 

presented LCs and stress distributions on implant survival and MBL, more robust evidence—

such as long-term clinical studies—would be needed.  

To perform our analyses, some biologically complex objects (e.g., the anatomical 

complexity of the mandible, macrostructure, and microstructure of the implants, boundary 

conditions) and variable factors were considered constant out of necessity, e.g., all materials 

were considered homogeneous, isotropic, and linear elastic, a Type II bone was used for 

simulation, and osseointegration was assumed at 100% [112,114,160]. The present study 

employed a patient-specific 3D finite element model, where the patient had adequate bone 

supply and was eligible for treatment with an implant-supported full bridge on four implants. 

However, additional studies involving patients with limited bone supply and/or underlying 

conditions, which would potentially affect short and long-term implant survival, would be 

welcome. While it is important to highlight that modeling the size of the implants was 

accurate and the model was based on CT scans of a patient with adequate bone supply, 
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anisotropy better reflects material properties in dentistry, and osseointegration is a gradual 

process; thus, changes in these parameters may lead to different results in the FEA. The 

reliability of the 3D FEA stress analysis largely depends on the number and ratio of elements 

and nodes (including the use of higher order elements) in the model [107,111,160]; in our 

case, the number of elements and nodes is in line with other studies already published to 

ensure maximum sensitivity of the model. Nevertheless, increasing their number would 

further enhance the reliability of the simulations. Mastication is a sophisticated and complex 

process, which makes its accurate estimation difficult for FEA studies: in this study, 

masticatory forces – which are multivectoral (vertical, horizontal, and oblique) under real 

circumstances – were modeled using a linear, continuous force exerted vertically on the 

simplified denture [163]. Therefore, in future studies, the introduction of multiple-bite forces, 

LCs, load directions, magnitudes, material properties, and implant types are needed to 

complement and confirm our findings.  

Overall, our research – both the retrospective clinical study and our FEA analyses – 

has shown the clinical utility and predictability of the Ao4 therapeutic concept, with 

highlighting some potential areas of interest for researchers and clinicians from the standpoint 

of prosthetic rehabilitation. To ensure the long-term maintenance and longevity of Ao4 

concept – especially from the standpoint of the edentulous mandible, where the available bone 

supply, due to the post-extraction involutionary changes, is often limited – efforts to 

determine the stresses of the surrounding bone in the physiological range, with the most even 

stress distribution possible, have paramount importance. Furthermore, the longevity of an 

implant may be ensured by keeping the stresses of the bone in the physiological range, with 

the most even stress distribution possible [164]. In our clinical study, we have shown the 

highest marginal bone loss levels around the DA aspects of tilted implants, and the MA 

aspects of axial implants, which corresponded to 0.7-0.8 mm of marginal bone loss – both in 

the maxilla and the mandible, after 3.5-years of follow-up; this rate of bone loss is 

comparable to the values found in the literature, corresponding to similar follow-up times. 

The results in the clinical study were further underlined in our FEA simulations: maximum 

stress values (tensile, compressive and equivalent, respectively) were observed at the implant-

bone interface, most commonly localized near the top area of the second implant. 

Furthermore, according to our 3D-FEA models, highest peak tension stress (~ 100 MPa in the 

cortical bone, ~ 3 MPa in the trabecular bone) and highest peak compressive stress (~ -265 

MPa in the cortical bone, ~ -3.5 MPa in the trabecular bone) values were all within the range 

that could be withstood by the jawbones (according to the physiological limits posed by the 
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ultimate strength of the bone), without the fear of pathological complications. During 

treatment planning, care should be taken to reduce stress levels at the implant-bone interface 

in these highlighted areas of interest (e.g., by the appropriate choice of masticatory load 

distributions) to reduce marginal bone loss levels post-implant placement, and to ensure 

implant stability.   
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VIII. NEW FINDINGS 

 

a. During Ao4 treatment, rates of marginal bone loss around tilted (posterior) implants 

were consistently higher: significantly higher rates of marginal bone loss were observed 

around tilted (posterior) implants – compared to axial (anterior) implants – throughout all the 

follow-up measurements in the 3.5-year study period.  

b. During Ao4 treatment, the rates of marginal bone loss around mesio-approximal 

(MA) and disto-approximal (DA) aspects of implants were similar: no significant 

differences were observed in marginal bone loss levels between the MA and DA aspects of 

implants, throughout all the follow-up measurements in the 3.5-year study period. Overall, 

highest marginal bone loss levels in our study were shown around the DA aspects of tilted 

implants, and the MA aspects of axial implants.  

c. During 3D-FEA, the load case where linear masticatory forces covered the entire 

mesio−distal surface of the denture – including the cantilever – was the most 

advantageous: among our mandibular models, lowest maximum and minimum principal 

stress values, both in the cortical and trabecular bone, and the most uniform stress distribution 

was observed for load case 1 (LC1), where the masticatory force covers the entire surface of 

the denture, including the extension surface. In contrast, LC2 – where the linearly modelled 

masticatory forces excluded the cantilevers – was the least advantageous, with the highest 

observed maximum and minimum principal stress values.  

d. During 3D-FEA, material properties of the implant and denture bodies has 

considerable effects on the stress values observed in the cortical bone: during the 

simulations (S2) where different material properties were assigned to implant bodies 

(TiAl6V4) and the denture bodies (Co-Cr), maximum principal stress values, minimum 

principal stress values and equivalent (von Mises) stress values were 11.50-15.87%, 46.61-

94.54% and 47.19-83.29% higher, respectively (compared to S1, where implant and denture 

bodies were both TiAl6V4). In contrast, similar differences were not observed for the 

trabecular bone.  
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IX. SUMMARY 
 

The “All-on-Four” (Ao4) prosthetic concept – developed by Maló et al. in 2003 – employs 

implant placement followed by immediate loading, which has received substantial attention 

from dentists for the oral rehabilitation of edentulous patients, due to the advantageous, short-

term clinical outcomes associated with this treatment protocol. Ao4 allows clinicians to 

overcome the anatomical limitations of the edentulous mandibule, without necessitating 

advanced and risky surgical techniques. The long-term success and predictability of implant-

supported restorations largely depends on the distribution and the rate of load transfer at the 

bone-implant interface, as it may affect both primary (critical in immediate loading) and 

secondary stability (affecting bone remodeling processes); however, considerable gaps in 

knowledge still exist regarding the biomechanical stresses observed in the peri-implant bone, 

implants, and prostheses during the treatment of edentulous jaws. The aims of our study were 

the following: i) to assess the clinical successs and marginal bone loss (MBL) levels 

following the implantation of distally tilted implants according to the Ao4 prosthetic concept; 

ii) to investigate the biomechanical behavior of an edentulous mandible with an implant-

supported full bridge on four implants under simulated masticatory forces in a patient-specific 

finite element analysis (FEA) model. A single-center, institution-based retrospective study 

was carried out at the between 2017.01.01. and 2022.01.01., corresponding to n=36 patients 

(i.e. n=288 implants) eligible to receive an immediately-loaded, four-implant-supported fixed 

prosthetic restoration, following the Ao4 protocol. In addition to implant survival rate, MBL 

was measured around the mesio-approximal (MA) and disto-approximal (DA) aspects of the 

implants, by matched and calibrated orthopantomography images taken at baseline and 

follow-ups until 3.5-years post-restoration. A 3D finite element model was constructed using 

pre- and post-implantation CT images of a 63-year-old male patient with adequate bone 

supply, who was eligible for treatment with an implant-supported full bridge on four implants. 

Vertical components of the masticatory forces were included in the simulations set at 300 N, 

with four different simulated load cases; furthermore, two sets of simulations (Ti and Ti, and 

Ti and Co-Cr) were performed with different denture body and the implant body materials set. 

During FEA maximum principal stress, minimum principal stress and equivalent stress values 

were determined. In our clinical study, we have observed a 100% implant survival rate during 

the 3.5-year study period, and have shown the highest marginal bone loss levels around the 

DA aspects of tilted implants, and the MA aspects of axial implants. In the FEA model, 

highest stress values were always seen at the implant—bone interface. Among the mandibular 
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FEA models, the load case, where masticatory forces covered the entire mesio−distal surface 

of the denture, including the cantilever, was identified as the most advantageous, with the 

most uniform stress distribution and the lowest peak stress values. In contrast, the load case 

where the modelled masticatory forces excluded the cantilevers was observed as the least 

desirable option in our analyses. The framework material had pronounced effects on the 

minimum principal stress and equivalent stress values in cortical bone (46.61–94.54% and 

47.19–83.29% higher for the simulated Ti and Co−Cr framework, respectively), while it had 

limited effects on maximum principal stress values. During treatment planning, care shold be 

taken to reduce stress levels at the implant—bone interface in these highlighted areas of 

interest (e.g., by the appropriate choice of masticatory load distributions) to reduce marginal 

bone loss levels post-implant placement, and to ensure implant stability. Overall, our research 

– both the retrospective clinical study and our FEA analyses – has shown clinical utility and 

predictability of the Ao4 therapeutic concept, with highlighting some potential areas of 

interest for researchers and clinicians from the standpoint of prosthetic rehabilitation. 
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XIII. APPENDIX 

 

 

Appendix 1. Maximum (Pmax, A) and minimum (Pmin, B) principal stress distributions in the 

cortical bone segment of the mandible for the S1 LC2 simulation case. The heatmap shows 

the distribution of stresses according to the color scale, while the maximum and minimum 

values for stresses are also denoted (e.g., 8E3 corresponds to 8 × 10³). 
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Appendix 2. Maximum (Pmax, A) and minimum (Pmin, B) principal stress distributions in the 

cortical bone segment of the mandible for the S2 LC2 simulation case. The heatmap shows 

the distribution of stresses according to the color scale, while the maximum and minimum 

values for stresses are also denoted (e.g., 8E3 corresponds to 8 × 10³). 
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Appendix 3. Maximum (Pmax, A) and minimum (Pmin, B) principal stress distributions in the 

trabecular bone segment of the mandible for the S1 LC2 simulation case. The heatmap shows 

the distribution of stresses according to the color scale, while the maximum and minimum 

values for stresses are also denoted (e.g., 8E3 corresponds to 8 × 10³). 
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Appendix 4. Maximum (Pmax, A) and minimum (Pmin, B) principal stress distributions in the 

trabecular bone segment of the mandible for the S2 LC2 simulation case. The heatmap shows 

the distribution of stresses according to the color scale, while the maximum and minimum 

values for stresses are also denoted (e.g., 8E3 corresponds to 8 × 10³). 
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Appendix 5. Maximum (Pmax, A) and minimum (Pmin, B) principal stress distributions in the 

cortical bone segment of the mandible for the S1 LC3 simulation case. The heatmap shows 

the distribution of stresses according to the color scale, while the maximum and minimum 

values for stresses are also denoted (e.g., 8E3 corresponds to 8 × 10³). 
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Appendix 6. Maximum (Pmax, A) and minimum (Pmin, B) principal stress distributions in the 

cortical bone segment of the mandible for the S2 LC3 simulation case. The heatmap shows 

the distribution of stresses according to the color scale, while the maximum and minimum 

values for stresses are also denoted (e.g., 8E3 corresponds to 8 × 10³). 
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Appendix 7. Maximum (Pmax, A) and minimum (Pmin, B) principal stress distributions in the 

trabecular bone segment of the mandible for the S1 LC3 simulation case. The heatmap shows 

the distribution of stresses according to the color scale, while the maximum and minimum 

values for stresses are also denoted (e.g., 8E3 corresponds to 8 × 10³). 
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Appendix 8. Maximum (Pmax, A) and minimum (Pmin, B) principal stress distributions in the 

trabecular bone segment of the mandible for the S2 LC3 simulation case. The heatmap shows 

the distribution of stresses according to the color scale, while the maximum and minimum 

values for stresses are also denoted (e.g., 8E3 corresponds to 8 × 10³). 
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Appendix 9. Maximum (Pmax, A) and minimum (Pmin, B) principal stress distributions in the 

cortical bone segment of the mandible for the S1 LC4 case. The heatmap shows the 

distribution of stresses according to the color scale, while the maximum and minimum values 

for stresses are also denoted (e.g., 8E3 corresponds to 8 × 10³). 

  



79 
 

 

Appendix 10. Maximum (Pmax, A) and minimum (Pmin, B) principal stress distributions in the 

cortical bone segment of the mandible for the S2 LC4 simulation case. The heatmap shows 

the distribution of stresses according to the color scale, while the maximum and minimum 

values for stresses are also denoted (e.g., 8E3 corresponds to 8 × 10³). 
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Appendix 11. Maximum (Pmax, A) and minimum (Pmin, B) principal stress distributions in the 

trabecular bone segment of the mandible for the S1 LC4 simulation case. The heatmap shows 

the distribution of stresses according to the color scale, while the maximum and minimum 

values for stresses are also denoted (e.g., 8E3 corresponds to 8 × 10³). 
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Appendix 12. Maximum (Pmax, A) and minimum (Pmin, B) principal stress distributions in the 

trabecular bone segment of the mandible for the S2 LC4 simulation case. The heatmap shows 

the distribution of stresses according to the color scale, while the maximum and minimum 

values for stresses are also denoted (e.g., 8E3 corresponds to 8 × 10³). 
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